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We show that the twisted photon states, or photon states with large (> h¯) angular momentum
projection (mγ) in the direction of motion, can photoexcite atomic levels for a hydrogen-like atom that
are novel and distinct and are not restricted by mγ, when the symmetry axis of the twisted-photon
beam does not coincide with the center of the atomic target. Selection rules are given and interesting
implications and observables for the above process are pointed out.
I. INTRODUCTION ANDMOTIVATION
The fact that circularly polarized photons carry an
angular momentum h¯ was predicted theoretically and
demonstrated experimentally in a seminal experiment
by Beth in 1936 [1]. It was also realized [2] (Appendix)
that the electromagnetic wave can carry orbital angular
momentum in the direction of its propagation if it is con-
strained in the transverse plane, as in the waveguides.
Much later, in 1992, Allen and collaborators suggested
[3] that a special type of light beams that can propagate
in vacuum, called Laguerre-Gaussian, predicted as non-
plane wave solutions of Maxwell equations, can carry
large angular momentum Jz  h¯ associated with their
helical wave fronts. At a quantum level such beams can
be described in terms of ”twisted photons” [4]. This con-
cept can be also extended to beams of particles, and elec-
trons in particular [5]. Detailed reviews of the field are
published, c.f. [6]. Methods to produce ”twisted” light
include spiral phase plates, computer-generated holo-
grams [6], synchrotron radiation in a helical undulator
[7, 8], or in a free-electron laser [9]. Theoretical work
[10, 11] has shown that one can generate twisted pho-
tons with high energies of several GeV via Compton
back-scattering of laser photons on an energetic electron
beam, making such photon beams relevant for nuclear
and particle physics.
An important question is, to what extent absorption
of the twisted photons by atoms or nuclei is different
from the plane-wave photons? Work by Pico´n et al. [12]
demonstrated that during photoionization of atoms, the
knocked-out electrons carry angular momenta that re-
produce the angular momentum of the incoming pho-
tons. The references [12, 13] deal mainly with a spe-
cial case in which the photon beam’s symmetry axis co-
incides with a center of an atom. In a recent publica-
tion [14] the authors analyzed elastic scattering of the
twisted photons on a hydrogen atom, again with a re-
striction that the atom is located at the center of the op-
tical vortex. We consider a more general case of arbi-
trary positioned beams and considered photoexcitation
of bound states with different quantum numbers in a
hydrogen atom. Such considerations can also be found
in [15], which has important observations regarding to-
tal angular momentum conservation, although many
formulas are given just for the atom on axis case. Af-
ter presenting theoretical formalism for excitation of an
atom by twisted photons, we point out novel effects
caused by large angular momenta of the incoming pho-
tons. Our arguments are further corroborated by theo-
retical calculations showing that a significant fraction of
the atomic levels excited by the twisted photons could
not be otherwise produced by plane-wave photons. The
angular momentum projection of the twisted photon
state is derived in the appendix.
II. BASIC FORMULAE
The twisted photon definition here follows Serbo and
Jentschura [10, 11], although with a more field theory
based viewpoint. Another possibility would be to quan-
tize a Laguerre-Gaussian laser mode considered in the
original work by Allen et al. [3] , but our main conclu-
sions will not be affected by this choice.
A twisted photon moving in the z-direction is
|κmγkzΛ〉 =
∫ d2k⊥
(2pi)2
aκmγ(~k⊥)|~k,Λ〉
=
√
κ
2pi
∫ dφk
2pi
(−i)mγ eimγφk |~k,Λ〉 (1)
where |~k,Λ〉 are plane wave states, or momentum eigen-
states with fixed longitudinal component kz and fixed
magnitude traverse component,
aκmγ(~k⊥) = (−i)mγ eimγφk
√
2pi
κ
δ(κ − |~k⊥|) . (2)
The twisted photon state can thus be viewed as a super-
position of plane wave states where the momenta form
a cone in momentum space with a fixed pitch angle
θk = arctan
(
|~k⊥|
kz
)
, (3)
and varying azimuthal angle weighted by a phase
eimγφk .
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2The normalization is
〈κ′m′γk′zΛ′|κmγkzΛ〉 = 2pi 2ωδ(kz− k′z)δ(κ− κ′)δmγm′γδΛΛ′
(4)
for 〈~k′Λ′|~kΛ〉 = (2pi)32ωδ3(~k−~k′)δΛΛ′ , and ω = |~k|.
Using the photon field operator Aµ(x), the wave func-
tion of a plane wave photon is
〈0|Aµ(x)|~k,Λ〉 = εµ~k,Λe
−ikx (5)
and so the wave function of the twisted photon is
AµκmkzΛ(x) = 〈0|Aµ(x)|κmkzΛ〉
=
√
κ
2pi
∫ dφk
2pi
(−i)mγ eimγφk εµ~k,Λe
−ikx . (6)
In cylindrical coordinates this is
AµκmγkzΛ(x) = e−i(ωt−kzz)
×
√
κ
2pi
∫ dφk
2pi
(−i)mγ eimγφk εµ~k,Λe
i~k⊥ ·~x⊥ ,
(7)
so that the twisted photon in coordinate space has a self-
reproducing 2D wave front moving forward at a speed
less that the normal speed of light.
The wave front can be given explicitly with help of the
Jacobi-Anger formula
ei~k⊥ ·~x⊥ =
∞
∑
n=−∞
inein(φρ−φk) Jn(κρ) (8)
where φρ is the azimuthal angle in coordinate space, ρ =
|~x⊥|, and Jn is the Bessel function, and with
ε
µ
~kΛ
= e−iΛφk cos2 θk
2
η
µ
Λ+ e
iΛφk sin2
θk
2
η
µ
−Λ+
Λ√
2
sin θk η
µ
0
(9)
where the η’s are constant vectors,
η
µ
±1 =
1√
2
(0,∓1,−i, 0) , ηµ0 = (0, 0, 0, 1) ; (10)
the photon polarization vector phase is like the
Trueman-Wick [16] phase convention. Then
AµκmγkzΛ(x) = e−i(ωt−kzz)
√
κ
2pi
{
Λ√
2
eimγφρ sin θk Jmγ(κρ) η
µ
0
+ i−Λei(mγ−Λ)φρ cos2 θk
2
Jmγ−Λ(κρ) η
µ
Λ
+ iΛei(mγ+Λ)φρ sin2
θk
2
Jmγ+Λ(κρ) η
µ
−Λ
}
.
(11)
As an aside, if we were to write the photon wave func-
tion for a plane-wave photon of helicity Λ, it would be
like the above, possibly with some differences of nor-
malization choice, but with pitch angle θk → 0 (includ-
ing κ → 0) and without an azimuthal phase factor, i.e.,
equivalent to mγ = Λ in the preceding equation.
The twisted photon wave front has the feature that the
Poynting vector is spiraling forward. It has azimuthal
and z components in cylindrical coordinates, but no ra-
dial component. In detail, the magnetic field for Λ = 1
is
Bρ = iω
√
κ
4pi
ei(kzz−ωt+mγφ)
×
(
sin2
θk
2
Jmγ+1(κρ) + cos
2 θk
2
Jmγ−1(κρ)
)
,
Bφ = ω
√
κ
4pi
ei(kzz−ωt+mγφ)
×
(
sin2
θk
2
Jmγ+1(κρ)− cos2
θk
2
Jmγ−1(κρ)
)
,
Bz = ω
√
κ
4pi
ei(kzz−ωt+mγφ) sin θk Jmγ(κρ) , (12)
and the electric field is just 90◦ out of phase with the
magnetic field, ~E = i~B. The physical fields are the real
parts of the above expressions, and one can see the wave
front moves forward at less than the normal speed of
light. Working physical electric and magnetic fields, the
Poynting vector ~S = ~E× ~B is
Sρ = 0 ,
Sφ =
κω2
4pi
sin θk Jmγ(κρ)
×
(
cos2
θk
2
Jmγ−1(κρ) + sin
2 θk
2
Jmγ+1(κρ)
)
,
Sz =
κω2
4pi
(
cos4
θk
2
J2mγ−1(κρ)− sin4
θk
2
J2mγ+1(κρ)
)
.
(13)
Figure 1 shows Sφ in the transverse plane. For this il-
lustration, and for the next, the photon wavelength is 0.5
microns, the pitch angle is 0.2 radians, and mγ = 4. The
figure shows a bullseye pattern characteristic of twisted
photons, with a wide hole in the middle that one can
also see from the Bessel functions in the above expres-
sions. Figure 2 shows ~S in the transverse plane, show-
ing again the bullseye pattern and also showing the cir-
culation of momentum density about the center of the
pattern.
The center of the bullseye is currently at the origin
in the x-y plane. Shifting it is easily done by applying
the translation operator exp{i pˆ·b} to the twisted pho-
ton state |κmγkzΛ〉, where pˆµ is the momentum operator
and bµ is a constant vector. There is a de facto phase con-
vention in Eq. (5), that the momentum eigenstate wave
function at x = 0 is just the polarization vector. Alge-
braic effects of the shift are to change the phase in Eq. (6)
3FIG. 1: The size of Poynting vector azimuthal component as a
function of position in the transverse plane. For this illustra-
tion, the photon wavelength is 0.5 microns, the pitch angle is
0.2 radians, and mγ = 4.
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FIG. 2: A plot of 2piρ times ~S projected onto the transverse
plane. One sees the major bands of ~S circulating in the same
direction, building up the large orbital angular momentum.
Also for this illustration, λ = 0.5µm, θk = 0.2 radians, and
mγ = 4.
from exp{−ikx} to exp{−ik(x − b)} and arguments of
the Bessel functions in later equations to Jν(κ|~x⊥ −~b⊥|).
III. ATOMIC PHOTOEXCITATION
We will consider excitation by a twisted photon of a
hydrogen-like atom from the ground state to an excited
state.
In general, the photon’s wave front will be traveling
in the z-direction and the axis of the twisted photon will
be displaced from the nucleus of the atomic target by
some distance in the x-y plane which we will call~b. We
work out the photoexcitation for this case in this section,
and then shall apply the result to two situations.
One situation will be the case when the twisted pho-
ton axis passes directly through the center of the atom’s
nucleus. The other will be the case where target atoms
are at random locations, and we have to average over all
axis to atom separations.
For simplicity, we will treat an atomic state just in
terms of its principal quantum number nk, orbital quan-
tum number lk, and magnetic quantum number mk,
where k = i for the initial state and k = f for the final
state.
We treat the atom nonrelativistically. The twisted pho-
ton satisfies the Coulomb gauge condition, and the in-
teraction Hamiltonian is
H1 = − eme
~A · ~p , (14)
and the transition matrix element is
S f i = −i
∫
dt〈n f l fm f |H1|nilimi; κmkzΛ〉 . (15)
The twisted photon wave function is given in Eq. (11).
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FIG. 3: Relative positions of atomic state and photon axis, as
projected onto the x-y plane, with the origin at the nucleus of
the atom.
4We shall center the atomic nucleus at the origin, with the atomic electron located at (ρ, φρ, z) in cylindrical coordi-
nates or (r, θr, φρ) in spherical coordinates. The twisted photon, moving in the z-direction, has its origin in general
not centered on the atomic nucleus but displaced to position ~b in the x-y plane. Relative to the photon axis, the
electron position projected onto the x-y plane will be at distance |~ρ−~b| and angle φ′ρ, as illustrated in Fig. 3.
Then
S f i = 2piiδ(E f − Ei −ω) eme
√
κ
2pi
∫
r2dr d(cos θr) dφρ Rn f l f (r)Y
∗
l fm f
(θr, 0)e−im f φρ
{
Λ√
2
eimγφ
′
ρ sin θk Jmγ(κ|~ρ−~b|)~η0
+ i−Λ ei(mγ−Λ)φ
′
ρ cos2
θk
2
Jmγ−Λ(κ|~ρ−~b|)~ηΛ + iΛei(mγ+Λ)φ
′
ρ sin2
θk
2
Jmγ+Λ(κ|~ρ−~b|)~η−Λ
}
eikzz · ~p R10(r)Y00 ,
(16)
where Ek = Enk .
Note that,
ηˆλ·~p R10(r) = −iηˆλ·rˆ R′10(r) = −i
√
4pi
3
Y1λ(θr, φρ) R′10(r) (17)
The expansion theorem,
einφ
′
ρ Jn(κ|~ρ−~b|) =
∞
∑
N1=−∞
eiN1φρ e−i(N1−n)φb JN1(κρ)JN1−n(κb) ; (18)
allows us to do the dφρ integral and obtain
S f i = −2piδ(E f − Ei −ω) emea0
√
2piκ
3
ei(mγ−m f )φb Jm f−mγ(κb)
× i−Λ
{
cos2
θk
2
gn f l fm fΛ +
i√
2
sin θk gn f l fm f 0 − sin2
θk
2
gn f l fm f ,−Λ
}
def
= 2piδ(E f − Ei −ω)Mn f l fm fΛ(b) . (19)
Note that the energy delta-function requires energy conservation, but in our formalism atomic recoil is neglected, so
that overall linear momentum is not conserved. The dimensionless atomic factors are
gn f l fm f λ ≡ −a0
∫ ∞
0
r2dr Rn f l f (r) R
′
10(r)
∫ 1
−1
d(cos θr) Jm f−λ(κρ)Yl fm f (θr, 0)Y1λ(θr, 0)e
ikzz , (20)
and a0 is the Bohr radius. The quantum numbers of the initial state are tacit, as we always start from the ground state.
As a simple practical matter, −a0R′10(r) = R10(r), and one also has κρ = ωr sin θr sin θk and kzz = ωr cos θr cos θk.
Further, one can show that the three terms in the curly bracket above are either all real or else all purely imaginary.
IV. ON-AXIS AND OFF-AXIS ATOMIC EXCITATION
By way of review, the selection rules for photoexcita-
tion (starting from the ground state) with plane wave
photons of helicity Λ are, cf. Refs. [17],
m f = Λ, l f ≥ 1,
g(pw)n f l f ,m f=Λ,Λ ∝ (ωa0)
l f−1 , (21)
where g(pw) is the plane wave analog of the reduced
atomic amplitudes shown in Eq. (20), and shows the
suppression that follows when higher photon partial
waves are needed.
From Eq. (19) it can be seen that the magnitude of
the result depends on mγ only through the argument of
the Bessel function Jm f−mγ(κb). When a twisted photon
strikes an atom centered on its axis, the impact parame-
ter b = 0 and we immediately obtain m f = mγ from the
Bessel function in the general result, Eq. (19),
Jm f−mγ(κb)→ Jm f−mγ(0) = δm fmγ . (22)
That is, the only final states that can be produced are
those that can absorb the full projected angular momen-
tum of the twisted photon.
5However, the atom does not have to be far off the
photon axis before other amplitudes, not satisfying the
above selection rule, play an important role. This was
also observed the in simulations done in [13]. In our nu-
merical calculations as well as in the plots, unless oth-
erwise stated, we take a twisted photon state of wave-
length 97.2 nm (set by the Hydrogen atom spacing),
mγ = 3, Λ = 1 and θk = 0.2 radians. As an illustra-
tion, we plot in Fig. 4 the amplitudes
∣∣∣Mn f l fm fΛ(b)∣∣∣ for
the example of n f = 4, l f = 1 and photon angular mo-
mentum along the direction of motion mγ = 3 (upper
plot) and n f = 4, l f = 3, (lower plot). Note the rela-
tive strength of the amplitudes is much higher, by about
six orders of magnitudes, for the transition into l f = 1
state vs l f = 3, in accordance with the selection rules
presented below.
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FIG. 4: Size of the transition amplitude
∣∣∣M(mγ=3)n f l fm fΛ(b)∣∣∣ for par-
ticular quantum numbers n f , l f ,Λ and several m f ; here the
photons are circularly polarized. Upper graph is for the final
state n f = 4, l f = 1; the state m f = 1 is allowed by electric-
dipole selection rules for plane waves, while m f = 0,−1 are
unique for the twisted photons. Lower graph is for the final
state n f = 4, l f = 3. The curve styles for both graphs are:
m f = 3 is the red solid curve, m f = 2 is orange and medium
dashed, m f = 1 is gold and long dashed, m f = 0 is green and
dot-dashed, m f = −1 is blue and dotted, and transitions to
other m f are quite small and not plotted.
In Fig. 4 the horizontal axis is the impact parame-
ter b in units of the photon wavelength λ. Already with
an impact parameter of less than half a wavelength, am-
plitudes that do not satisfy the m f = mγ selection rule
are becoming important. The amplitude with the largest
peak is the one with m f = 1, which is the only ampli-
tude one would have with a plane-wave photon polar-
ized with helicity Λ = 1. In a near-field setup, when
the twisted light outside of the central (small-b) areas is
blocked by a screen, one can study whether the enhance-
ment of the transition to m f = mγ for the photons with
large mγ, as seen in Fig. 4 (lower plot, continuous curve),
would lead to enhanced attenuation of these photons by
atoms, making matter more opaque to them.
The general selection rules for the off-axis case are
m f = any, l f ≥
∣∣∣m f ∣∣∣ ,
gn f l f ,m f ,Λ ∝ (ωa0 cos θk)
l f−|m f−Λ|−1 (ωa0 sin θk)
|m f−Λ| ,
(23)
where in the last line, the first factor is absent if its expo-
nent is negative.
Note that we neglect atomic recoil. For manifest con-
servation of both linear and angular momentum, the
atom’s recoil momentum can be taken into account [15].
V. CROSS SECTIONS FOR RANDOMLY DISTRIBUTED
TARGETS
A. Cross section calculation
In general, the location of the photon axis cannot be
controlled at the level of the photon wavelength, we
should average over the transverse separations. For
transverse separation~b,
σ
(mγ)
n f l fm fΛ
= 2piδ(E f − Ei −ωγ)
|M(mγ)n f l fm fΛ(b)|
2
f
. (24)
where f is the incoming flux and a suitable sum or aver-
age over spins is implied.
With the target atoms uniformly distributed, the cross
section averaged over atom location is
σn f l fm fΛ =
2piδ(E f − Ei −ω)
f
× 1
piR2
∫
d2b |Mn f l fm fΛ(b)|2
=
2piδ(E f − Ei −ω)
f
1
piR2
2pie2κ
3m2e a20
×
∫ R
0
2pib db J2m f−mγ(κb)×
∣∣∣ cos2 θk
2
gn f l fm fΛ
+
i√
2
sin θk gn f l fm f 0 − sin2
θk
2
gn f l fm f ,−Λ
∣∣∣2 . (25)
6Outside the integration measure, the only b dependence
is in the Bessel function, and the useful integral is
lim
R→∞
∫ R
0
b db J2m f−mγ(κb) =
R
piκ
, (26)
independent of index.
For the flux we take the average density of the twisted
photon state times the incoming wave front velocity
kz/ω. The target is unit normalized. The density of the
twisted photon state, with our normalization and aver-
aged over a disk of radius R, can be worked out and
leads to
f = ρavg
kz
ω
=
2kz
pi2R
. (27)
Thus
σn f l fm fΛ = 2piδ(E f − Ei −ω)
8pi3α3
3kz
∣∣∣∣ cos2 θk2 gn f l fm fΛ
+
i√
2
sin θk gn f l fm f 0 − sin2
θk
2
gn f l fm f ,−Λ
∣∣∣∣2 .
(28)
B. Unique twisted photon features
For the twisted photon centered on target, there is the
dramatic result that the magnetic quantum number of
the final atomic state must equal the corresponding z-
projection of the angular momentum of the twisted pho-
ton. This constraint is relaxed tor the general case of ran-
dom target location, but there are still features unique to
twisted photons.
Photoexcitation, starting from the ground state, by a
plane-wave photon of a certain helicity leads only to fi-
nal states whose magnetic quantum number equals the
helicity. Twisted photons, on the other hand, photoex-
cite states with a large range of magnetic quantum num-
bers m f . Values of m f impossible for plane-wave pho-
tons are produced even when the twisted photons enter
a medium with random target locations.
Twisted photons also produce the m f = Λ states that
plane-wave photons necessarily lead to. But the inter-
est is in the m f 6= Λ states unique to twisted photon
production. To quantify the probability of finding these
states, we define a ratio for a fixed Λ which compares
the rate for producing final states that are unique to
twisted photons to the total rate where the twisted pho-
ton produces all final states, including m f = Λ, for a
given energy level characterized by quantum numbers
(n f , l f ) (and for the case of a large interaction region
with random target locations),
ftwisted =
∑
m f=l f
m f=−l f ,
m f 6=Λ
σn f l fm fΛ
∑
m f=l f
m f=−l f σn f l fm fΛ
. (29)
The ”twisted photon ratio,” ftwisted, evaluates what
fraction of the final states excited by the twisted photon
could not have been produced by a plane-wave photon.
As a numerical example, we evaluate this ratio for final
states with varied values of n f and l f and the result is
ftwisted
[
gnd. state→ (n f = 4, l f = 1)
]
= 2.0%,
ftwisted
[
gnd. state→ (n f = 4, l f = 3)
]
= 20.3%. (30)
A comparison between the total photoproduction rate
from twisted photons and from plane-wave photons is,
rtwisted =
∑
m f=l f
m f=−l f σn f l fm fΛ
σ
(pw)
n f l fΛΛ
. (31)
For the above-chosen final states the other ratio works
out to rtwisted = 1.02.
The ratios ftwisted and rtwisted can be measured in ex-
periments. They can provide a tool to identify twisted
photons arriving from point-like sources, no matter if
they come from distant stars or produced in the lab.
In particular, presence of m f = 0 state in the atomic
excitation produced by the photons coming from a
well-defined direction would be a definitive signal of a
twisted photon absorption.
Let us discuss one more special feature of the twisted
photons and compare the probabilities of photoexcita-
tion of an (unpolarized) atom by the photons with op-
posite helicities ±Λ. For plane-wave photons these
probabilities are identical due to parity conservation.
For twisted photons with a fixed z-projection of or-
bital angular momentum but opposite helicities such an
asymmetry would not violate parity, because the corre-
sponding photon states do not transform into each other
via parity transformation. The corresponding helicity
asymmetry AΛ can be defined as
AΛ(n f , l f ,mγ) =
∑
m f=l f
m f=−l f (σ
(mγ−1)
n f l fm fΛ=−1 − σ
(mγ+1)
n f l fm fΛ=1
)
∑
m f=l f
m f=−l f (σ
(mγ−1)
n f l fm fΛ=−1 + σ
(mγ+1)
n f l fm fΛ=1
)
(32)
The value of mγ is zero for plane-wave photons; for the
twisted photons it is controlled by the method of their
generation, and in paraxial approximation it would cor-
respond to z-projection of the orbital angular momen-
tum. The asymmetry AΛ turns to zero after averag-
ing up to infinite values of the impact parameter b; it
is large for the central areas of the optical vortex, as
shown in Fig. 5. This interesting observable can be stud-
ied experimentally for micro-particles placed in the in-
ner area of the optical vortex; it indicates that the elec-
tromagnetic fields due to spin and orbital angular mo-
mentum of the twisted photons add up coherently, lead-
ing to distinctively different strength of interaction at a
given transverse-plane location if the direction of spin
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FIG. 5: Helicity asymmetry AΛ for excitation of the atomic
state n f = 4, l f = 1 by a twisted photon with mγ=2.
is flipped. The corresponding figure-of-merit A2Λσ, is
small at b=0, but peaks near b/λ=0.6, where AΛ is about
20%.
VI. SUMMARY AND DISCUSSION
In this paper we developed a formalism for photoexci-
tation of an atom with a beam of twisted photons, using
a hydrogen atom as an example. In the derivation, we
use an expansion [10, 11] of the twisted photon states in
terms of plane waves. We show that in a special case
when the photon beam axis coincides with the atomic
center, the transitions between atomic levels obey angu-
lar momentum selection rules, similar to the conclusions
made in Ref.[12] for photoionization, resulting in an ex-
cited state with a magnetic quantum number (Jz = m1)
exactly matching mγ of the incoming beam. We also
recover standard electric-dipole angular momentum se-
lection rules [17, 18] in the limit of plane-wave photons.
Next, we extended our calculation to a more general
case of the atoms located away from the photon beam
axis and analyzed the amplitudes of various transitions
as a function of the beam center position in units of pho-
ton wavelength, b/λ. In this case the magnetic quantum
number of the photoexcited state no longer matches mγ,
and a range of final-state quantum numbers is gener-
ated. Relative magnitudes of various transitions were
studied both analytically and numerically. It was found
that after we average over the beam position, the ampli-
tude allowed by standard plane-wave dipole selection
rules quickly gains strength and makes a dominant con-
tribution to photoabsorption.
In order to quantify the role of photon orbital angu-
lar momentum, we introduced several observables that
describe probabilities of excitation of the m f 6= Λ states
that are forbidden to plane waves. The important find-
ing is that relative probability of transitions to ”forbid-
den” states can reach tens of per cent in the examples we
considered (λ =100 nm, pitch angle= 0.2 rad, m=3). This
is in stark contrast with familiar selection rules [17, 18] ,
according to which the probability of absorption of pho-
tons with higher multipolarity is suppressed by powers
of (ka0)2 that corresponds to about six orders of magni-
tude for visible light.
Given a noticeable effect arising from the orbital an-
gular momentum of the photons, our predictions can be
verified experimentally.
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VII. APPENDIX
A. Angular Momentum Projection
The factor exp{imγφk} in the twisted photon state
should give the state a z-component of angular momen-
tum that is at least approximately m. This is stated in
a number of sources, but we have not seen a claim of
exactness. In fact we can prove that the total angular
momentum projected in the longitudinal direction is ex-
actly mγ, at least in the sense of expectation values.
From the Noether curent corresonding to rotations,
one gets the angular momenta. The result can be found,
for example, in Bjorken and Drell [19], Eq. (14.22), and is
Jij = εijk Jk =
∫
d3x : ~˙A · (xi∂j− xj∂i)~A− (A˙iAj− A˙jAi) :
(33)
We will speak of the first term as the orbital angular mo-
mentum and the second as the spin.
Regarding the spin term, one can consider a direct cal-
culation with the usual expansion and commutation re-
lation in terms of plane wave states,
Aµ(x) =∑
λ
∫ d3q
(2pi)32ωq
(
a~qλε
µ
~qλe
−iqx + a†~qλε
µ∗
~qλe
iqx
)
,
(34)
and [
a~qλ, a
†
~kΛ
]
= (2pi)32ωδ3(~q−~k)δλΛ . (35)
After noting that the a†a† and aa terms in J3(spin)
do not contribute to the matrix element below, one can
show the a†a terms lead to
〈k′Λ′|J3(spin)|kΛ〉 = 2iω(2pi)3δ3(~k−~k′)(~ε~kΛ ×~ε∗~kΛ′)z.
(36)
8After showing(
~ε~kΛ ×~ε∗~kΛ′
)z
= −iΛ cos θkδΛΛ′ , (37)
this becomes
〈k′Λ′|J3(spin)|kΛ〉 = Λ cos θk 〈k′Λ′|kΛ〉. (38)
There is no φk dependence above, and since the twisted
photon states each have fixedΛ and θk, one can promote
the states to twisted photon states and obtain,
〈κ′mγk′zΛ|J3(spin)|κmγkzΛ〉
〈κ′mγk′zΛ|κmγkzΛ〉
= Λ cos θk . (39)
Continuing to the orbital angular momentum (OAM)
piece, we need
〈κ′mγk′zΛ|J3(OAM)|κmγkzΛ〉
= 〈κ′mγk′zΛ|
∫
d3x : ~˙A · ∂~A
∂φρ
: |κmγkzΛ〉 (40)
We pursue a different calculation here, still noting that
within the normal ordering terms with two creation or
two annihilation operators give zero. For contributions
where an akλ comes from ∂~A/∂φρ and an a†k′λ′ comes
from ~˙A, the result is unchanged by inserting a vacuum
intermediate state. The same is true for the reverse con-
tribution. Hence
〈κ′mγk′zΛ|J3(OAM)|κmγkzΛ〉
= 2
∫
d3x 〈κ′mγk′zΛ| ~˙A|0〉 · 〈0|
∂~A
∂φρ
|κmγkzΛ〉 . (41)
We can use the results for the twisted state wave func-
tions, Eq. (11), and known Bessel function integrals to
obtain
〈κ′mγk′zΛ|J3(OAM)|κmγkzΛ〉
〈κ′mγk′zΛ|κmγkzΛ〉
=
1
2
mγ sin2 θk + (mγ −Λ) cos4 θk2 + (mγ +Λ) sin
4 θk
2
= mγ −Λ cos θk . (42)
Combining the results,
〈κ′mγk′zΛ|J3|κmγkzΛ〉
〈κ′mγk′zΛ|κmγkzΛ〉
= mγ . (43)
The total angular momentum projection in the direction
of motion is precisely mγ. The value of mγ can be con-
trolled in the lab by the means the beam of twisted pho-
tons is generated, for example, by the use of spiral phase
plates or computer-generated holograms [6].
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